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The human papillomaviruses (HPV) compilation and analysis of nucleic acid and amino
acid sequences published in September 1994 lists nucleic acid and predicted amino acid se-
quences corresponding to all or part of the open reading frames (ORFs) of the capsid proteins
of 82 different genotypes of papillomavirus (PV). Some sequence analysis of the capsid protein
ORF's, including phylogenetic trees, linear correlations, some synonymous/nonsynonymous
frequencies and protein information content and density are included in section III of this
publication. It was clear at the 14th International Papillomavirus Conference in Quebec City
(1995) that a number of groups are currently applying considerable research effort to study-
ing the properties of PV capsid proteins; therefore significantly more information about these
proteins will be forthcoming. The primary objectives of the current summary/analysis are
to provide a short review of the properties of PV capsid proteins, to provide a framework of
sequence analysis upon which forthcoming information about the properties of capsid proteins
might be mapped, and to interpret some of this information in terms of the variation in the
capsid proteins.

Virions of each of the PVs contain at least two viral proteins, a major protein (L1),
with an apparent MW based on SDS PAGE of approximately 55 kDa, and a minor protein
(L2), apparent MW approximately 75 kDa. The sizes of the L1 protein and the L2 protein
vary slightly between PV genotypes, but they are both about 500 amino acids in length. The
reason(s) for the aberrant mobility of the L2 protein has not been determined. Virions have
been reported to contain about 10 times as much L1 protein as L2 protein [3]. Although L2
protein is present in small quantities, there is evidence from antibody binding and assembly
studies that the L2 protein is an integral structural component of the PV capsid [1, 2].

Because more than one potential initiation codon exists in the ORFs coding for the
capsid proteins of some PV genotypes, there is uncertainty about the N-terminal sequences of
some capsid proteins. However, because N-terminal sequences are partially conserved between
genotypes, consensus start codons can be identified by comparison of groups of related PVs.
In the carboxy-terminal portion of the L1 protein is a region which functions as a nuclear
localization signal [4]. A similar region exists in the L2 protein. While the HPV type 16 (HPV
16) L1 protein is N-glycosylated in expression systems, clear evidence for glycosylation of the
HPV 16 L2 protein is lacking [5, 6]. A role for glycosylation in virion assembly or function has
not been established. In the vaccinia system, the L1 proteins which are incorporated into HPV
16 capsids are not glycosylated [5]. On the other hand, there is evidence that purified BPV
virions contain minor amounts of glycosylated L1 [7]. Both the HPV 16 L1 and L2 proteins
are phosphorylated when expressed in the baculovirus system, with L2 being more heavily and
more stably phosphorylated [6].

Three-dimensional image reconstructions from electron micrographs of frozen-hydrated
samples have revealed the basic architecture of the PV capsid [8, 9]. The capsid is a T=7
icosahedral lattice composed of 72 pentameric capsomers and has a maximum diameter of ap-
proximately 60 nm. The capsomers extend radially about 6 nm from an apparently continuous
protein shell which is about 2 nm in width. Thus, the volume available for DNA is a sphere
approximately 44 nm in diameter. Since the L2 protein is a minor component of the viral cap-
sid, most, if not all, of the capsomers must contain 5 L1 molecules. Results from experiments
on the location of the L2 protein in the icosahedral lattice have not yet produced a location
for it. Thus, it is not yet known if the L2 protein is present in some or all capsomers. Disulfide
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bonds exist between L1 molecules in PV capsids that are likely important in the assembly and
stability of virions [10].

Information about the capsid proteins of PVs is important for a number of reasons. First,
sequence analysis of capsid proteins continues to be an important means of identification of
new papillomaviruses [11]. Second, the organization the PV capsid is of interest. While the
structure of the simian virus 40 capsid has been determined crystallographically and capsids of
PVs likely have a similar structure, similarities and differences in the organization of the capsids
of the two viruses are of significant structural interest [12]. Third, either the L1 protein alone
or the L1 protein and the L2 protein in combination can assemble into virus-like particles
(VLPs) in various expression systems [2, 13, 14]. Immunization of animals with such VLP
preparations or with inactivated virions from various animal papillomaviruses (e.g. CRPV,
COPYV) has been shown to protect animals from PV associated disease, and thus there is the
potential of prophylactic PV vaccines based on PV capsids [15, 16]. Increased understanding
of the immunologic properties of PV capsids (e.g. neutralizing antibody binding sites) would
be of significant value in the development of such vaccines. Fourth, an understanding of the
mechanism of assembly of HPVs is particularly important because no convenient propagation
system yet exists for producing HPV virions, and thus VLPs assembled in various expression
systems will likely continue to be an important source of HPV capsid antigens. A fifth reason
to study PV capsid proteins is capsid-receptor interactions. Results to date indicate that PVs
attach specifically to a protein present on a number of cell types, indicating that the strong
species and tissue specificities exhibited by PVs occur after attachment [17, 18, 19]. A number
of PV particles have been observed to attach to the same receptor ( e.g. BPV virions and
VLPs, HPV 16 VLPs, and HPV 11 VLPs). Experiments with HPV 33 VLPs find that this
receptor was not sensitive to sialidase, N-glycosidase, or octyl-beta-D-glycopyranoside. The
receptor recognizes capsids containing either the L1 protein or both the L1 protein and the
L2 protein. Sixth, an understanding of the process of PV uncoating may reveal potential
targets for antiviral drugs. Finally, HPV VLPs are being increasingly used as antigens in
seroepidemiologic studies of papillomavirus associated diseases [20, 21].

Virion assembly, virion stability, neutralization of virions by antibodies, binding of virions
to receptors, and the uncoating of virions, are determined by the primary, secondary, tertiary,
and quaternary structures of capsid proteins and complexes and their interactions with other
macromolecules. There is currently significant information about the structure of VLPs and
virions at about 3nm resolution from image reconstructions, but there is very little information
about the secondary and tertiary structure of the L1 proteins or the L2 proteins or about
the details of protein-protein interactions which determine capsid structure. Thus, it is now
possible to map with confidence the locations of various domains in the capsid proteins only
to the primary sequences of the L1 and L2 protein, or to properties entirely determined by
the primary sequence (e.g. hydrophilicity profiles).

Some sequences of importance to virion assembly and stability have been mapped. The
L2 protein, but not L1, was found to bind HPV 16 DNA; basic amino acids in the first 12
amino acids of the L2 protein were found to be important for this DNA binding [22]. A region
of basic amino acids near the carboxy-terminus of the HPV 16 L1 protein was found to be
important for nuclear localization of L1 [4]. A similar region occurs near the carboxy-terminus
of papillomavirus L2 proteins [4]. The amino acid at residue 202 of HPV 16 L1 determines if
VLPs of this genotype will efficiently assemble or not [2].

In animal papillomavirus systems (e.g. BPV and CRPV), both the L1 and L2 fusion
proteins have been used to induce neutralizing antibodies/protection of animals [23, 24]. The
N-terminal one third of the L2 protein of BPV was found to produce neutralizing antibodies in
rabbits [23]. Determination of antibody binding sites on fusion proteins has been the subject
of a number of studies, and antibody binding sites at many locations in the L1 and L2 proteins
have been mapped. An excellent summary of the reactivity of antibodies to fusion proteins
containing the L1 protein or the L2 protein has been published, and such a summary will not
be repeated here [25]. There is some evidence of a T-cell response to the L1 and L2 proteins
of CRPV, which increases as lesions progress from papilloma to carcinoma [26].
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Virus-like particles from different genotypes produce type specific antisera and type spe-
cific neutralizing responses [27, 28, 29]. Thus, current data suggests that virions from different
PV genotypes are serologically distinct. It is known that many antibodies to PV virions bind
to conformational epitopes on the PV surface [30]. The availability of VLPs has allowed the
measurement of the ability of antibodies obtained with other immunogens to bind to VLPs,
which are likely to be conformationally correct. Figure 1 summarizes the current published
data concerning the location of epitopes on either virions or VLPs [25, 31, 32, 33, 34]. The
information to date with these antigens is similar to the data with fusion proteins: antibody
binding regions of L1 protein in virions/VLPs are distributed throughout the protein, but there
are few antibody binding regions near the carboxy-terminus of the L2 protein in VLPs/virions.

A sequence in the L2 protein, (TTPA(V/I)(L/N)(N/V)(V/I) ), is highly conserved in
all HPV types detected in mucosal lesions, and might be involved in determining tissue tropism
[35]. This and the other regions described above are also included in Figure 1.

The intertype variability of the L2 proteins is higher than for the L1 proteins (see Part
III of the 1994 compendium). For example, comparing proteins from HPV 16, 31, 33, 35, 52,
58, and 67 gave an average information density for the L1 proteins of 0.768479, and 0.636568
for the L2 proteins. An analysis of information density versus position for the L1 proteins
of various phylogenetic groups of PVs reveals similarities and differences in the pattern of
conserved and variable regions between groups (Figure 2a). The position of some regions is
consistent when multiple PV groups are compared (see arrows in Figure 2a). The consistent
position of the variable regions in these comparisons of the L1 proteins likely reflects lack
of constraints (relative to the conserved areas) in these regions of the L1 proteins of various
PVs. Since the L1 protein is the major capsid protein and is largely responsible for essential
functions including virion assembly, virion stability, and virion uncoating, a consistent pattern
of conserved and variable regions is perhaps not surprising. The common structural elements
found in other icosahedral virus structures suggests that the L1 protein has a G-sandwich core
structure and that at least some of these variable regions likely occur between strands of this
core. However, proof of this possibility will no doubt require a crystallographically determined
structure of at least one PV capsid or virion.

At least one variable region in the L1 protein comparison, (the sixth variable region
from the amino-terminus designated in Figure 2a) is a region of high variability occurring at
a consistent position when some groups were compared (e.g. Group A9 and A10), but is not
clearly identified as a highly variable region in other groups of viruses (e.g. Group A7). Tt
would be interesting to determine why some regions of the L1 proteins are highly variable in
some groups and not in others.

An information density profile of the L2 proteins reveals far less consistency in the po-
sitions of variable regions than is seen in the L1 proteins (Figure 2b). There is little overall
conservation of the positions of the variable regions in the amino-terminal 2/3 of different
groups of L2 proteins. However, the positions of 6 variable regions in the amino-terminal 2/3
of some groups of .2 proteins occur at nearly the same position in the alignments of differ-
ent groups (Group A9 and Group A10). Even though comparisons of variable regions in the
carboxy-terminal 1/3 of L2 proteins between groups is difficult because of low sequence homol-
ogy between groups, all groups do have at least one variable region in the carboxy-terminal
1/3 of the L2 protein. Following an interpretation of these results similar to that for the
information density profiles of L1 proteins, the carboxy-terminal one third of L2 may have
been under similar selective pressures (lack of constraints) during the evolution of most PVs,
while the remaining two-thirds of L2 may have been under variable pressures in the different
phylogenetic groups of PVs.

Calculations of the hydrophilicity of a group of L1 proteins and L2 proteins are presented
in Figure 3. In each of the three groups of L1 proteins presented, there is high intragroup
similarity in the pattern of hydrophilicity obtained. In some cases, regions with a distinctive
pattern of hydrophilicity are conserved although the position of the pattern is different in
different members of the group. For example, the pattern found from approximately amino
acid 320 through 370 of HPV 16 is present in BPV 1, BPV 2, DPV, and EEPV, but in DPV
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it occurs at a position closer to the amino terminus. This region is also clearly an example of
a region with a hydrophilic profile which is conserved between groups. While the similarity in
this profile is easily predicted for the A9 and A7 groups by the high sequence homology between
the L1 proteins of these groups in this region, such predictions from sequence alignments alone
are difficult for other PVs. For example, the BPV 1 L1 protein has only about 50% sequence
homology with the HPV 16 L1 protein in this region. Some regions with distinctive profiles
are conserved within a group but not between groups, such as the hydrophilic region around
amino acid 55 in group A9. The hydrophilic profiles of the L2 proteins are less conserved both
within groups and between groups than the profiles of the L1 proteins. There are however
regions with conserved profiles. For example, the profile in the first 80 amino acids of the HPV
16 L2 protein is conserved in other PV L2 proteins.

The antigenic index profiles of the same proteins included in Figure 3 are shown in
Figure 4. Although this index must be considered cautiously since it depends on predicted
secondary structures of the proteins, more conservation was found in the respective antigenic
index profiles of L1 proteins than L2 proteins .

Figure 1. Summary of the B-cell epitopes which are exposed in VLPs and virions. The four
studies which were included are indicated [25, 31, 32, 33, 34]. For ease of comparison with
original work, the HPV 16 L1 amino acid numbering for this figure only is from the first start
codon in the ORF rather than the consensus start codon. The maximum reactivities for each
of the two capsid proteins, observed in a study involving antisera to synthetic peptides, are
indicated by an asterisk [32]. Other regions of importance or potential importance are included
for comparison.

goboodgggbbobooggobboooobbboboodgd

"-77
OCT 95



L1 & L2 Capsid Proteins

L2 Protein
B Cell Epitopes

HPV 1 @93
|

102-108

HPV 16 2 47-66 362-381°

3251 62-81 212-231 272-291 347-366

NH2 .  COOH

Other_Regions

Mucosal Lesion TTPAV(I/L)(ID)(N/V)I
Motif (35)

DNA Binding Motif (22)

O

HPV 16 l
Nuclear Localization Signal (@) 456-461

L1 Protein
B Cell Epitopes

BPV 2 (25 . . .
42-56 435-449  485-499
HPV 33 @1 239-245
216-'223l
HPV16 (2 227246 422-441
3251 197218 287-306"

HPV 16 (34) 80-125 240-255 300-335 390-425 460-485

U UuLd LACAICA Ao

50-65 170-205 260-285 340-385 440-455

NH2— COOH

Other Regions

510-512

16 o .
Nuclear Localization Signal 4) l
525-530

HPV 16
Assembly @

228 (202 using consensus start codon)

-78
OCT 95




L1 & L2 Capsid Proteins

Figure 2. Comparison of L1 and L2 protein conservation in phylogenetically defined groups.
Plots represent the information density, averaged over windows of 10 amino acid residues [36,
37]. A value of 0 indicates little or no similarity among the types within a group while a
value of 1 indicates identity. Gaps in the plots represent gaps inserted into all types in the
relevant group to maintain alignment between groups. The arrows in 2a indicate the position of
the most variable regions when multiple HPV groups (Groups A5-A7, A9, A10, and B1) were
compared. The 6 amino-terminal arrows in 2b indicate the position of 6 variable regions which
occur at fairly consistent locations in the A9 group comparison and the A10 group comparison.
The other arrow in 2b is a reference position only (see text). The group designation is based
on the phylogenetic analysis of a segment of the L1 protein of [11].
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Figure 3. Hydrophilicity profiles of L1 proteins and L2 proteins from different groups of PVs.
The hydrophilicity profiles for the indicated L1 proteins and L2 proteins were calculated using
the PeptideStructure and PlotStructure algorithms in the Genetics Computer Group (GCG)
package [38]. The algorithm used to calculate hydrophilicity values is based on the procedure
of Kyte and Doolittle using a 9 residue window [39].
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Figure 4. Antigenic index profiles of the L1 proteins and L2 proteins from different groups
of HPVs. The antigenic index profiles for the indicated L1 proteins and L2 proteins was
calculated using the PeptideStructure and PlotStructure algorithms in the GCG package [38].
The algorithm used to calculate the antigenic index is based on the procedure of Jameson and
Wolf using a 9 residue window [40]. Interpretation of antigenic index may be difficult [41].
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